A B S T R A C T Tissue factor occurs in a dormant state on the surface of cultured normal human fibroblasts and WISH 1 amnion cells. The activity of undisturbed monolayers or cells lifted with brief trypsin treatment (0.125% trypsin for 1 min) increases up to 60-fold upon prolonged digestion with dilute trypsin (0.0025% trypsin for 30 min); activity appears subsequent to cell detachment. Up to 70% of the total cellular tissue factor becomes active under these conditions and is released from the cells. The ruthenium red staining coat of the cells is lost during detachment, but cell viability (more than 90% exclude trypan blue) and cell morphology do not change during the subsequent development of tissue factor activity. Furthermore, less than 10% of four intracellular enzymes and less than 20% of two plasma membrane enzymes are released during this period of time. We therefore conclude that cells in culture do have tissue factor activity, that it exists in a latent form, and that total cell disruption is not necessary for this activity to initiate blood coagulation.
INTRODUCTION
Blood coagulation occurs in vivo only after blood vessels are injured. It has been generally held that the endothelium is inert towards the coagulation system and acts as a barrier between the activators of coagu-A preliminary report of this work was presented to the Federation of American Societies of Experimental Biology, Atlantic City, N. J., and appears in abstract form, 1974 (Fed. Proc. 33: 243).
Received for publication 4 October 1974 and in reviscd form 16 December 1974. ' The established cell lines used in these studies are WISH, a cell line derived from human amnion tissue; MDBK, a cell line derived from steer kidney; and HeLa, a cell line derived from a human carcinoma. Characteristics of these cells are described in "Registry of Animal Cell Lines" from the American Type Culture Collection. lation and circulating coagulation factors (see Kirk [1] for example).
There are two pathways by which coagulation may be initiated. In one, the intrinsic system, the first event is activation of Hageman factor which is due to the interaction of this factor with collagen or other types of connective tissues (2, 3) . The second pathway, the tissue factor or extrinsic system, is initiated when a membrane-bound lipoprotein, tissue factor, forms an enzymatically active complex with factor VII, a plasma protein (4) (5) (6) . This complex proteolytically attacks factor X (7) leading to the formation of activated factor X which then directly converts prothrombin to thrombin (8) .
Collagen is clearly remote from the vessel lumen (9) , and the endothelium may indeed act as an inert barrier to activation of the intrinsic pathway; however, tissue factor appears to be in or on the plasma membranes of many cell types including endothelial cells. In fact, in previous studies in which immunohistochemical methods were used to localize tissue factor, endothelial cells appeared to stain more intensely than any other cell type (10, 11) . As it is generally agreed that there is little if any continuous in vivo coagulation, it follows that if tissue factor is on the surface of endothelial cells, a mechanism must exist for maintaining tissue factor in a protected or latent state. We have chosen to examine the question of latency by determining the availability of tissue factor in cells grown in culture. To facilitate these experiments, we have used normal human fibroblasts, cells previously described to have tissue factor activity (12, 13) , and the established line of WISH aminion cells as model systems. Others have shown that fully disrupted cultured cells (for example, fibroblasts [12, 13] , monkey kidney cells and Chang liver cells [12] , and lymphocytes [14] ) have tissue factor activity. In the experiments we present
The Journal of Clinical Investigation Volume 55 April 1975-814-824 here, wve slowp that while this is indeed the case, Ullperturbed cells express little or no activity. Furthermore, wve show that incubation of the cells with p)roteolN tic enzymes, using conditions that completely preserve cell viability, leads to the expression of most of the tissue factor activity of these cells. From these observations wve conclude that, in the cells studied, a significant l)roportion of the tissue factor occurs external to the plasmia membrane but is protected from interaction with plasma coagulation factors, l)erhaps by the niiucopolysacclharide-conitaininig cell-surface coat (15) (16) (17) were purchased from Keystone Bottle Co., New Haven, Conn.; roller bottles (600 cm2) were products of Bellco Glass Inc., Vineland, N. J., and 0.2 ,Am filters were a product of Nalge Co., 'Nalgene Labware Div., Rochester, N. Y. WISH amnion cells and human fibroblasts were obtained from the American Type Culture Collection, Rockville, Md.; fibroblasts were also a gift from Dr. Thomas Gelehrter. 2 Abbreviations ufsed in this paper: HEPES, N-2-Hydroxyethyl piperazine-N-2-ethanesulfonic acid; MEME, minimal essential medium with Eagle's salts; Saline A sterile, buffered saline.
Factor VII was purified by the method of Jesty and Neemerson (7) . Factor X and prothrombin were purified by the method of Esnouf, Lloyd, and Jesty (18) . A crude phospholipid emulsion ("cephalin") was prepared by the method of Bell and Alton (19) . The preparation of EDTA-brain has been previously described (4) . Factor VII-deficient plasma was prepared from lyophilized bovine plasma by the method of Nemerson and Clyne (20 Proteolvtic treatment and separation of cell coat fraction.
Enzyme concentrations were adjusted to be low enough that they would not interfere with the two-stage tissue factor assay. For most experiments involving the WISH amnion cells, 100-gl of a cell suspension of 106 cells/ml were assayed for tissue factor activity; for the experiments using normal fibroblasts, the concentration of suspended cells was approximately 2 X 105 cells/nil. Cell viability was determined by trypan blue exclusion (21) . The cells were suspended in Saline A/HEPES and incubated for the indicated times in 0.0025% trypsin or 0.00125%o chymotrypsin. These proteolytic enzymes retain full activity under the conditions employed to enhance tissue factor activity.
The cell-free supernate from the tryptic digest was partially purified by layering the digest over a sucrose solution (0.95 M sucrose in 0.05 M cacodylate, pH 7.2, d 1.12) and centrifuging for 90 min at 94,000 g in an SW27 rotor (Beckman Instruments Inc., Fullerton, Calif.). Particulate material containing tissue factor layered at the sucrose interface; whole cells and cellular debris were found in the pellet.
Tissue factor assay. Tissue factor activity was assayed using a two-stage technique. In the first stage, 100 gl tissue factor (EDTA-brain standard or cell suspension) was mixed with 100 ,ul 0.025 M CaCI2 and 100 ,ul factor VII (125 U/ml) in 0.05 M Tris, 0.1 M NaCl, pH 7.4, containing bovine serum albumin (2 mg/ml) to stablize factor VII, and soybean trypsin inhibitor (25 jg/ml) to inhibit the trypsin (0.00259) used to deveolp tissue factor activity. None of the additives in the factor VII reagent had any effect upon the assay at the concentrations employed. After 3 min at 37°C, 100 , 41 Association of Tissue Factor Activity with Surface of Cultured Cells 81 ,-of this preincubation mixture was mixed with a second 100 gtl of 0.025 M CaCi2, and then 100 1dI of factor VIIdeficient plasma (20) was added. The clotting time was compared with a standard curve prepared by dilution of the EDTA-bovine brain standard used in this laboratory (22) .
This assay is more convenient than that previously described (22) and has similar sensitivity. Specificity was demonstrated by substituting a buffer blank for factor VII; the clotting times were then equivalent to those obtained without tissue factor.
Genierationt of thrombin uising purified coagutlation factors.
Cells were transferred to 60-mm petri dishes and were allowed to grow for approximately 20 h in the absorbed serum media described above. The cell yield was in the range 5 X 10'-1 X 106 cells per plate. The monolayer was washed once with Saline A/HEPES, and then 2.0 ml of this same buffer was added per plate. To the buffer was added 20 Al cephalin suspension, 50 gl prothrombin (3 mg/ ml), 10 /ul 1 M CaC12, 5 ,ul factor VII (50,000 U/ml), and 5 Jul factor X (0.4 mg/ml). Each component was added separately and at a different location in the petri dish. The reaction was started by swirling the solution to mix the reagents. 100-,ul samples were removed from the supernate of the intact monolayer and assayed for thrombin by addition to 200 pAl fibrinogen (10 mg/ml in Tris saline). This activity was compared with that generated by a similar plate of cells that had been frozen in dry-ice ethanol and thawed (three times) before the addition of the prothrombin mixture.
The amount of thrombin generated was dependent upon the time of incubation and the tissue factor activity. The results are expressed as the amount of thrombin generated in a fixed time as determined from a standard thrombin dilution curve where 100% is equivalent to 2 NIH U/ml. A dilution of freeze-thaw-treated cells produced a decrease in tissue factor activity proportional to the dilution, and a cellfree control reaction had no tissue factor activity as shown by the lack of any thrombin generation.
The cell number for the monolayer was estimated by counting the cells released by 0.0025% trypsin from a duplicate monolayer. Virtually all of the cells were released into suspension.
Purification of nzeuraminidase. An affinity column similar to that described by Cuatrecasas and Illiano (23) was prepared. Cadavarine and then p-hydroxyphenyl acetic acid were coupled to Sepharose 4B beads by standard methods (24) . p-Aminooxanilic acid was dissolved in water by titration to pH 7.0 with NaOH. After decolorization with Norit neutral decolorizing carbon (Fisher Scientific Co., Pittsburgh, Pa.), the pH of this solution was lowered to 4.5 with glacial acetic acid. A 300-mg sample of the damp white precipitate was diazotized (24) and added to the Sepharose-cadavarine-p-hydroxyphenol acetic acid beads.
After washing with water to remove the excess reagents, a 0.4 x 6-cm column was prepared and eluted as described by Cuatrecasas and Illiano (23) . Neuraminidase activity was measured by the release of sialic acid from mucin using the method of Warren (25) .
Assays for release cellular en1Xz'ymes. Cells were suspended by brief trypsinization and washed as described above, and suspended in Saline A/HEPES at concentrations of 1-5 X 106 cells/ml. Trypsin was added to the suspension to a final concentration of 0.0025%. The cells were then divided among separate tubes, and the trypsin activity was stopped at various times by addition of an equimolar amount of soybean trypsin inhibitor. The suspension was then assayed for tissue factor activity. The cells were removed from the suspension by centrifugation at 800 g for 5 min, and the resulting supernate was assayed for the level of cellular enzyme.
NADPH-cytochrome c reductase activity was assayed by a modification (26) of the method of Williams and Kamin (27) . 5'-nucleotidase was assayed by the method of Young (28) using 5-mM AMP and a 2-min preincubation in EDTA. Inorganic phosphate was then estimated by the procedure of Chen, Tobibara, and Warner (29) . Assays for lactate dehydrogenase (30), glucose-6-phosphate dehydrogenase (31) , and acid and alkaline phosphatase (32) activities were used without modification. The total level of each of these enzymes present in the cells was determined by either freeze-thawing or sonicating the cells before assay. When disrupted cells were incubated for 30 min with 0.0025% trypsin, no change in the activity of the plasma membrane-bound or intracellular enzymes was observed.
Electron mnicroscopy. To examine the cell-surface coat before and after proteolytic treatment, the cultured cells were processed for electron microscopy while still attached to plastic petri dishes (33) , after brief trypsinization, and after development of tissue factor activity with 0.0025% trypsin. The cells were fixed in glutaraldehyde and stained with purified ruthenium red as described by Luft (34) . After dehydration in a series of increasing ethanol concentrations, the cells were embedded in a mixture of two parts Spurr resin (35) scraped off the growth support and subjected to freezethawing or frozen and thawed directly in the petri dish before the addition of the clotting zymogens.
The results of these assays were quantified by comparison with a dilution curve of thrombin. The activity of the native WISH cells was found to be approximately 10% of that of the disrupted cells (100% = 2 NIH U). With fibroblast monolayers, the untraumatized monolayer had less than 5% of the activity of disrupted cells.
Effects of proteolysis on the tissue factor activity of monolayer cells. Another approach used to study the availability of tissue factor in cultured cells was to treat the cells with proteolytic enzymes. Treatment of intact monolayers with proteolytic enzymes further substantiates the observation that tissue factor exists in the native cell in an unreactive state.
The effect of trypsin treatment on WISH cells in a monolayer (Fig. 2) showed that these cells were released from their growth support by the action of trypsin before exhibiting maximal tissue factor activity. Cell viability was measured by trypan blue exclusion and found to be greater than 97% throughout this experiment. The apparent tissue factor level in the cell suspension increased over 60-fold during the trypsin- factor activity than WISH anmnion cells. Both pronase and chymotrypsin quantitatively lift the fibroblasts and produce an increase in tissue factor activity (Fig. 3) .
Although trypsin was less effective than these other enzymes, it did increase the apparent level of tissue factor activity (Fig. 3) FIGURE 5 Enhancement of the apparent tissue factor activity of suspended fibroblasts by proteolytic treatment. The effect of 0.0025% trypsin (U), 0.00125% chymotrypsin (A), 0.01%o papain (El), 0.001% protease (0), or saline (0) on the apparent tissue factor activity level is given.
were resuspended in a 0.0025% trypsin solution. Fig. 4 shows the effect of further trypsin treatment on both cell viability and the apparent tissue factor activity. While the cells showed no loss of viability during this treatment, the level of tissue factor activity increased more than sixfold above that of cells suspended in saline. A number of proteolytic enzymes, in addition to trypsin, were capable of enhancing the apparent tissue factor level of suspended fibroblasts (Fig. 5) . With each of these enzymic treatments, there was no loss of cell viability during the time activity was increasing. In 19 complete experiments, trypsin enhanced tissue factor activity 5.17-fold+1.77 (SD).
Although the general proteases enhanced tissue factor activity in both the cell types studied, a number of enzvmes with limited substrate specificity (plasmin, collagenase, elastase, hyaluronidase, thrombin, and P-galactosidase) had no effect on the apparent tissue factor activity of trypsin-suspended fibroblasts.
Using In all of these studies the enzyme concentrations employed are low enough so that they do not alter the apparent activity in a standard EDTA-brain tissue factor assay.
Location of tissue factor-active material after trypsin treatment of intact cells. Next, we sought to determine whether tissue factor remained cell bound or whether the active material was being released from the cells into the supernate during proteolysis. Trypsin-suspended fibroblasts or WISH cells, which had been further trypsinized as described above, were centrifuged to remove the cells from suspension. The cell pellet and the cell-free supernate were assayed for tissue factor activity (Table I) . Proteolytic treatment released 93% of the tissue factor activity from the fibroblasts, whereas 64% of the activity was separated from the WISH cells. The cell-free supernate was then centrifuged at high speed under conditions known to remove tissue factor lipoprotein from suspension (39) . This resulted in the complete removal of tissue factor activity from the cell-free supernate (Table I) . Under the conditions used in these experiments, WISH cells consistently showed recoveries of activity of about 150%; this phenomenon has not been investigated. Effects of trypsin treatment on the release of cellular enzymes. Although there was no decrease in trypan blue cell viability, we studied the release of several cellular enzymes from WISH cells during trypsin treatment to determine if a loss of cellular integrity was necessary for expression of tissue factor activity. The h. IW levels of soluble cytoplasmic enzymes (lactate dehydrogenase [40] and glucose-6-phosphate dehydrogenase [41] ), a lysosomal enzyme (acid phosphatase [42] ), and an endoplasmic reticulum-bound enzyme (NADPHcytochrome c reductase [26] ) all showed negligible increases during the course of trypsin proteolysis (Fig.  7) . The levels of two plasma membrane-bound enzymes, 5'-nucleotidase (43) and alkaline phosphatase (44) , showed increases to 15-25% of the total enzymatic content in cells disrupted by sonication (Fig. 7) or freeze-thawing; in contrast, 70%o of the tissue factor activity is expressed under these conditions. Effects of trypsin treatment on the cell-surface coat.
The cultured cells were also examined by electron miroscopy paying particular attention to the morphology of the surface coat. The WISH amnion cells had a ruthenium red-positive layer approximately 10-15 nm thick on the cell surface exposed to the culture medium (Fig. 8) ; at high magnification, this coat appears to be highly irregular.
A thinner layer of material was apparent on the cellular surface apposed to the petri dish. Microvillar projections on both cell surfaces were common. The decreased staining of the cellular surface attached to the petri dish in these experiments could be due either to a thinner layer of cell surface material or to permeation barriers preventing the diffusion of ruthenium red near the petri dish. To distinguish between these possibilities, cells were also processed with periodate to demonstrate the vicinal hydroxyl groups characteristic of saccharides. Because this reaction was performed after the cells were thin sectioned, differential access of the upper surface to the reagents was obviated, but a heavier deposition of the reaction product on the cellular surface facing the medium was still observed (not illustrated).
The cells were examined in a similar manner immediately after they had been lifted according to the techniques described in iMlethods. These cells had low tissue factor activity and represented the zero time point in Fig. 6 ; at this time, most of the ruthenium red-positive coat had been lost (not illustrated). After maximal tissue factor activity had been reached with trypsin digestion (the 20 min point on Fig. 6 ), the cells were examined again by electron microscopy; little of the ruthenium red coat remained. Apart from the loss of this material, no morphological changes were noted, thus supporting the biochemical data on cell viability. In thin sections that were stained with uranyl acetate and lead citrate, the plasma membrane appeared to be intact in such cells (Fig. 9) .
A layer of ruthenium red-positive material was also present on the plastic petri dishes (Fig. 8) regardless of whether cells were overlying the plastic in the locality. This dense-appearing layer was thin in areas where cells were closely appressed to the plastic dish but thicker and more irregular in areas where cells were not closely appressed. By examining the surfaces of the petri dishes after ruthenium red staining, it was found that a uniform ruthenium red-staining layer approximately 6 nm in thickness was present on the dish alone both in the presence and absence of culture medium containing serum. The surfaces of dishes from which the cells had been removed with trypsin had a uniform layer similar to that of untreated petri dishes.
Nature of the material released by trypsin proteolysis.
When trypsin-suspended WISH cells were further trypsinized as described above, over 80% of the tissue factor activity of the cell-free supernate could be recovered at the interface after centrifugation on a sucrose cushion. Examination of this fraction by electron microscopy showed that it was composed of ruthenium red-positive particulate material and vesicular fragments (Fig. 10) plastic petri dishes and processed for electron microscopy while still attached to the surface. Both the plastic (p) and the cell surface (cs) stained positively with ruthenium red (X 9,000.) FIGURE 9 MIorphology of a trypsin-treated cell. WISH amnion cells were incubated with trypsin for full development of tissue factor activity (20 min point of Fig. 6 ). In sections stained with uranyl acetate and lead citrate, the plasma membrane (pm) appears to be intact. (X 10,000.) FIGURE 10 Ruthenium red staining of trypsin-released material having tissue factor activity.
After WISH amnion tissue factor activity was fully developed by incubation with 0.0025% trypsin, the cell-free supernate was centrifuged on a sucrose cushion. The interface fraction contained only membranous vesicles and ruthenium red-positive granular material (arrows) resembling the cell-surface coat. (X 21,000.) preserved and in which release of intracellular enzymes does not occur.
Radioiodinated factor VII (45) and antibodies to tissue factor apoprotein (10, 11) have been used as histochemical markers for localization of tissue factor in situ. In these experiments, factor VII-binding sites, a presumptive marker for tissue factor activity, and the antigen are found in particular abundance at the plasma membrane of endothelial cells. If plasma proteins had ready access to tissue factor in vivo, thrombin would be continuously generated. However, as shown by Ashford and Freiman (46) , the endothelium appears to have no coagulant activity in vivo unless traumatized. A protective mechanism must therefore exist, and the results which we have obtained showing that tissue factor is masked in intact cells are consistent with the observations of Ashford and Freiman (46) . We interpret our findings as showing that in the model cell systems we have examined, the bulk of the tissue factor is protected and becomes available for initiating the extrinsic system only after the cell surface is perturbed. We emphasize that our findings cannot be directly extrapolated to the living endothelium. In addition to the cell types reported in this paper, we have studied HeLa cells, the MDBK cell line derived from bovine kidney, a cell line derived from rabbit epidermis, and human smooth muscle cells and have observed the same phenomenon of tissue factor dormancy in each. Studies of cultured endothelial cells are now in progress and will be reported later.
The demonstration of the latency of tissue factor was accomplished by using several approaches. When all the components of the tissue factor pathway of coagulation are layered over a washed monolayer of cells, the rate of thrombin generation is low when compared to a similar experiment in which the monolayer is first disrupted by freezing and thawing treatment (Fig.  1) . In some experiments, up to 100-fold enhancement of the available tissue factor has been observed. Qualitatively similar results have been obtained by studying cells lifted from their growth support by short tryptic digestion. In this instance, 6-10-fold activation has been observed. The lower enhancement in this series of experiments is almost certainly due to the partial activation of tissue factor which occurs during the lifting procedure. In a third series of experiments, trypsin was added to a monolayer, and samples were removed at intervals. We found that the appearance of tissue factor activity lagged considerably behind the rate of appearance of detached cells. From these experiments we conclude that sites of attachment of the cells to the glass are either more susceptible to tryptic attack or that tissue factor is physically less accessible to the enzyme. The activating proteolysis was not, however, restricted to trypsin-sensitive bonds. Incubation with chymotrypsin, papain, or a nonspecific bacterial protease also led to a rapid increase in the tissue factor activity of suspended fibroblasts (Fig. 5) . Similarly, both trypsin and chymotrysin enhanced the apparent level of tissue factor in suspended WISH cells (Fig. 6) .
Incubation of cells with enzymes of more restricted specificity, however, was without effect; plasmin, thrombin, collagenase, elastase, hyaluronidase, and fi-galactosidase were inert. Crude neuramindase (Cl. perfringens) activated the cells, but when the enzyme was purified by affinity chromatography (23), no effects on the tissue factor activity were observed.
The fact that many different proteolytic enzymes increase the apparent activity of the cells suggests that tissue factor may be masked by a protective coat on the cell surface (1, 15) . Further evidence that this may be the case was gathered from the observation that after incubation with trypsin, approximately 69% of the activity of WISH cells was present in a cellfree low-speed supernate (Table I) . It should be noted that while this material is released from the cells, it is not soluble and, like all other active forms of tissue factor, it sediments when centrifuged at 105,000 g (Table I ). Similar data were obtained with fibroblasts with over 90% of the activity being released into the cell-free supernate.
To exclude the possibility that the release of tissue factor was the result of leakage from intracellular sites, the release of several enzymes from the cells was followed during the course of trypsinization. Neither enzymes associated with organelles nor soluble enzymes were released into the cell-free supernate over the time-course studied. Moderate amounts of two plasma membrane markers, 5'-nucleotidase and alkaline phosphatase, however, appeared in the cell-free supernates during the experiment. Although the release of these enzymes was considerably less than the release of tissue factor (Fig. 3) , this finding suggests that some disruption of plasma membrane does occur. Nonetheless, the release of tissue factor from the cells while viability is maintained and no loss of intracellular enzymes has occurred is strong evidence for the cell-surface localization of tissue factor.
A possibility that cannot be experimentally excluded, although it seems unlikely, is that trypsin stimulates these cells to specifically secrete tissue factor. The fact that trypsin has been shown to release cell-surface glycoprotein from Chinese hamster ovary cells (47) , Erlich ascites carcinoma cells (48) and mouse mammary adenocarcinoma cells (49) , and not to release such intracellular components as heparan sulfate (16) and nucleic acid (50) , argues against trypsin-stimulated release of tissue factor from intracellular sites. Even if it were shown to be the case, however, the observation that tissue factor can be released from essentially intact, viable cells would still be valid, and the concept of the latency of tissue factor would be equally tenable.
During the course of trvptic digestion, a significant proportion of the cellular tissue factor is released (Table I ). This material is not soluble and contains considerable amounts of phospholipid (data not presented). The cells were also studied by electron microscopy during the course of trypsinization as was the material released from the cells. Ruthenium red, a stain thought to selectively localize acid mucopolysaccharides (51) , has been used to visualize the surface coat of endothelial cells (15) . Using this stain on the cultured cells, we find that most of the ruthenium red stainable material on the cell surface can be removed before tissue factor is unmasked. Further trypsinization releases tissue factor from the cells. When this material was centrifuged on a sucrose cushion, the activity was concentrated at the interface. Examination of this material revealed ruthenium red-staining fibrillar material free and in association with vesicles. Although it seems likely, owing to the lipid requirement of tissue factor, that the active material is vesicular, it is not possible to assign the activity to a unique morphological entity.
Since less than 25% of plasma membrane enzyme markers are released during trypsinization whereas 40-70% of the tissue factor activity is found in this fraction, tissue factor appears to be located somewhere between the cell-surface coat and the plasma membrane.
Clearly, total cell disruption is not necessary for expression of tissue factor activity, and the degree to which cells must be damaged to initiate blood coagulation may be significantly less than previously thought.
